There have been various proposals for the pattern of F-plasmid replication during the division cycle. Here we show that the recent studies of Gordon et al. (Cell 90, 1113^1121, 1997 on the duplication and segregation of green fluorescent protein (GFP) labeled replication origins of the Escherichia coli chromosome and the F plasmid during the division cycle support the proposal that the F plasmid replicates with a cell-cycle-specific (artiocyclic) pattern. z
Introduction
The study of the pattern of F-plasmid replication during the division cycle has a long history. Early studies using membrane-elution analysis and an enzyme assay [1] indicated that the F plasmid replicated in a cell-cycle-speci¢c manner. This conclusion was strongly supported by the studies of Keasling et al. [2] who used direct radioactive measurements to show that the F plasmid replicated in a cell-cyclespeci¢c manner. More important, Keasling et al. showed that the replication control of the F plasmid during the division cycle was similar to that governing chromosome replication during the division cycle. Speci¢cally, Keasling et al. [2] proposed that, like the chromosome, replication of the F plasmid was initiated when a certain amount of cell mass per origin was present. However, the amount of cell mass per origin at initiation was not the same for the chromosome and the plasmid. The proposal of cycle-speci¢c plasmid replication has been supported by the data of Koppes [3] and Finkelstein and Helmstetter [4] . A simulation of F-plasmid and chromosome replication during the cell cycle supports the proposal that the F plasmid replicates in a cycle-speci¢c manner [5] .
More recently, Helmstetter et al. [6] proposed that the F plasmid replicates with a cell-cycle-independent pattern; i.e., F-plasmid replication occurs randomly throughout the division cycle. Many distinctions can be made between the studies of Keasling et al. [2] and those of Helmstetter et al. [6] . For example, Keasling et al. studied the large, single-copy, native F plasmid, whereas Helmstetter et al. studied a mini-F derivative that appears to be present at an extremely high-copy number. This di¡erence may ac-count for the discrepant results. The high-copy number could lead to an obliteration of the cycle-speci¢c replication pattern that can be observed with the native, large, low-copy F plasmid.
Here we show that the data of Gordon et al. [7] strongly support the cell-cycle-speci¢c pattern of Fplasmid replication.
F-plasmid replication during the division cycle
Gordon et al. [7] labeled the origins of the chromosome and the F plasmid with green £uorescent protein (GFP) and measured the number of origiǹ dots' present in cells as a function of cell size. We have taken their data and determined the frequency of dots as a function of cell size. The results are plotted as the frequency of cells of a certain size containing either two or four chromosome origin dots (Fig. 1A ), or containing one or two F-plasmid dots (Fig. 1B) . It can be seen that the F-plasmid dots and the chromosomal origin dots replicate with a very similar cell-cycle synchrony. In the case of labeled oriC, the number of dots doubles approximately midway between birth and division. Similarly, the number of dots corresponding to the F plasmid doubles around the middle of the division cycle (i.e. around the mid-size of the cells). This similarity can be seen by plotting the average number of dots per cell for each cell length (Fig. 1C) . The congruence of the duplication patterns of oriC and the F plasmid is clear.
These studies lend extremely strong support to the proposal of Keasling et al. [2] that the F plasmid replicates in a cell-cycle-speci¢c manner. First, it is generally accepted that replication of the chromosome is cell-cycle speci¢c [8] . Second, the results of Gordon et al. [7] show that replication of the chromosome origin (and terminus) is cell-cycle speci¢c. Third, as shown here, the results of Gordon et al. [7] indicate that F-plasmid replication (i.e. dot doubling) has a degree of synchrony similar to that of the chromosome origin and terminus. During the division cycle, the F plasmid replicates over as narrow a period as the chromosome. Additionally, the best way to ensure that the number of F plasmids doubles prior to cell-cycle-speci¢c segregation would be to have cell-cycle-speci¢c replication. Random replication of the F plasmid would lead to a large fraction of cells that had not replicated the plasmid prior to division.
The variability in the cell length at which replication was observed to occur may be due to the metric by which replication timing was measured (e.g. cell length). If cell length were the main determinant of plasmid replication timing, a sharp increase in the number of dots would be expected at one cell length and not at any other (Fig. 2) . In contrast, random or uniform replication throughout the cell cycle would result in a continuous increase in the number of dots with cell length. However, if cell mass were the determining factor for F-plasmid replication, then one would expect signi¢cant variation in the observed cell length at which replication occurred. Variations in the widths of cells in a culture would lead to observed variations in the cell length at which replication occurred, even if all cells in the culture initiated replication at exactly the same mass. Fig. 3 . Chromosomal and plasmid replication patterns for a cell with a 40-min doubling time (C+D=1.5Uinterdivision time). A: Stick ¢g-ures are drawn to illustrate the presence of a half-replicated chromosome in the newborn cell, giving rise to two completely replicated chromosomes in the middle of the division cycle. Initiation of the next round of replication is coincident with termination of the current round of replication, leading to a doubling of the number of origins. Replication proceeds until there are two chromosomes at the end of the division cycle, each half-replicated and each containing two origins. Next to the stick ¢gures of the chromosomes is a series of cells representing cell sizes during the division cycle. Dots indicate the positions of the chromosome origins in the cells. A representation of how the chromosome origins would appear using the techniques of Gordon et al. [6] is shown at the right of A. B: The F-plasmid replication pattern is illustrated with a simple circle indicating the plasmid. One plasmid replicates to two plasmids in the middle of the division cycle, thus one dot gives rise to two dots in the middle of the division cycle. The ratio of the chromosome origins to F plasmids is 2. Fig. 2 . Expected patterns of F-plasmid dot content for di¡erent models of replication. If cell length was the sole determinant of when an F plasmid replicated, then one would observe a sharp increase in the number of plots per cell at a particular length (experimental variation not considered). A random or uniform pattern of replication, where replication could occur at all cell lengths, would give a continuous linear increase in plasmid dot content. However, if mass were an important determinant of the timing of F-plasmid replication then one would observe signi¢-cant variation in the cell length at which replication occurred due to variation in the width of cells in culture.
Models for chromosome and plasmid replication during the division cycle
We now describe a model for chromosome and plasmid replication to explain the relative number of F-plasmid and chromosomal origins and the replication pattern of these origins during the division cycle.
The data of Gordon et al. [7] indicate that chromosome replication and termination occur somewhere near the middle of the cell cycle. Their studies were performed at 20³C, which would extend both the doubling time and the time necessary to replicate the chromosome compared to growth at 37³C. The replication pattern (speci¢cally mid-cycle initiation of chromosome replication) is physiologically similar to that of E. coli B/r growing at 37³C with a C period of 40 min, a D period of 20 min, and a doubling time of either of 40 min (Fig. 3A) or 24 min (Fig. 4A) [2] . In both the 40-min and 24-min replication patterns, initiation of chromosomal replication occurs in the middle of the division cycle (i.e. either 1.5 or 2.5 generations before a speci¢c cell division). Both patterns, therefore, yield synchronous chromosome replication around the middle of the division cycle [2, 6] . For a replication pattern equivalent to that of a 40-min doubling time at 37³C (Fig.  3A) , the cell has two chromosomal origins in a newborn cell; the number doubles to four origins around the middle of the division cycle. For a replication pattern equivalent to that of a 24-min doubling time at 37³C (Fig. 4A) , the cell has four chromosomal origins in a newborn cell and the number doubles to eight origins around the middle of the division cycle. If the second case were correct, we propose that the origins are grouped in pairs, and that two origins are equal to one dot.
We propose that a mechanism similar to that used by the cell to time chromosome replication within the division cycle is used to time F-plasmid replication. For a cell with a 40-min doubling time, a single F plasmid replicates near the middle of the division cycle (Fig. 3B) , giving rise to the two dots observed by Gordon et al. [7] . For a cell with a 24-min doubling time, two F plasmids replicate near the middle of the division cycle (Fig. 4B) . In the second case, the As replication proceeds, termination occurs 4 min into the division cycle, initiation occurs at mid-cycle, with the 12+ ¢gure illustrating the eight origins expected shortly after initiation occurs. At 24 min after birth, at the end of the division cycle, there are twice as many chromosomes as in the newborn cell. The interpretation of these chromosomal patterns in terms of origins is given in the middle part of A where the origins are grouped so that the four origins in the newborn cell give two dots. In the middle of the division cycle the eight origins produce four dots. B: The F-plasmid replication pattern is illustrated with a simple circle indicating the plasmid. Two plasmids in the newborn cell give one dot; two dots are present when four plasmids are produced. The ratio of the chromosome origins to F plasmids is 2.
two plasmid origins are grouped in pairs as are the chromosomal origins. In both cases there are twice as many F-plasmid origins as chromosomal origins. The models proposed here ¢t the important data of Gordon et al. [6] that the ratio of chromosomal origins to F-plasmid origins is two.
Distinguishing models
It is unusual to propose two such di¡erent patterns for chromosome and plasmid replication. The simple case is where the cells of Gordon et al. are similar to cells growing with a 40-min doubling time at 37³C. The main argument against this proposal is that the patterns of replication are temperature independent and depend primarily on the growth medium [8, 9] . Since Gordon et al. grew their cells in rich LB broth, one would not expect growth with C+D equal to 1.5 times the interdivision time.
Rather, one might expect the more complex case in which cells have a replication pattern similar to E. coli B/r cells growing with a 24-min doubling time at 37³C. Such cells, with a C+D time equal to 2.5 times the interdivision time, have a more complicated replication pattern (Fig. 3B) . Due to the increased number of origins for the 24-min doubling time, the origins are grouped in pairs in order to be consistent with the data of Gordon et al. [7] . Because of peculiarities of strains, di¡erences in temperature of growth, and other variables, we cannot distinguish C Fig. 5 . Relationship of initiation of chromosome and plasmid replication during the division cycle at various growth rates. In A, cell mass and chromosome and plasmid replication times are diagrammed for ¢ve di¡erent growth rates. The saw-tooth lines indicate the cell mass during growth and division. The ¢lled circles indicate the initiation of chromosome replication. This occurs in the middle of the division cycle (60 min prior to a division) in cells with a 40-or 24-min interdivision time (i.e. 1.5 or 2.5 division cycles prior to a division). At the other growth rates (60-, 30-, and 20-min interdivision times), initiation of chromosome replication occurs around the time of cell division. The plasmid replicates one half generation after the chromosome initiates replication and at a cell mass that is 40% larger than for the chromosome [8] . This is illustrated by the ¢lled squares in A. The stippled squares indicate plasmid replication one full generation after initiation of chromosome replication, at twice the cell size per origin as the chromosome. This is 1.5 generations prior to a division in cells with a 24-min interdivision time, and 0.5 generations prior to a division in cells with a 40-min interdivision time. In B the times of plasmid replication and initiation of chromosome replication are plotted as a function of the growth rate. The parallel lines for the plasmid and the chromosome (¢lled squares and circles) are the basis for the proposal that the rules governing initiation of chromosome and plasmid replication are similar. The positions of the stippled squares indicate plasmid replication one generation after initiation of chromosome replication. The data of Keasling et al. [8] and Finkelstein and Helmstetter [5] are consistent with plasmid replication between one half and one full generation after initiation of chromosome replication. The range of the data are indicated by the shaded trapezoidal area.
between the proposals in Figs. 3 and 4 ; therefore we present both cases for completeness.
One way to distinguish between the 40-min doubling time pattern (Fig. 3) and the 24-min doubling time pattern (Fig. 4) is to measure the amount of DNA per cell. Cells with a pattern corresponding to a 40-min doubling time have 2.04 genome equivalents per cell, whereas cells with a pattern corresponding to a 24-min doubling time have 3.35 genome equivalents per cell [8, 10] .
Model for the timing of plasmid replication
Keasling et al. [2, 11] proposed that the F plasmid and P1 prophage replicated when the mass per plasmid origin reached a critical value (the initiation mass). This mechanism would be analogous to that proposed for the chromosomal origin [8, 12] . It was originally proposed that F-plasmid replication occurred one half generation after chromosome replication (at an initiation mass 40% greater than that of the chromosome) [2] . We now point out that F-plasmid replication a full generation after chromosome replication (at an initiation mass twice that of the chromosome) is consistent with the experimental data (Fig. 5) . This can be seen in Fig. 6 of Keasling et al. [2] , which summarizes the results of Keasling et al. [2] and those of Finkelstein and Helmstetter [4] .
Terminology of replication pattern
We propose that replication over a narrow portion of the division cycle be termed artiocyclic (from the Latin artus for narrow). Plasmids that replicate over the entire division cycle would be called latiocyclic (from the Latin latius for broad). Given this terminology, we propose that the F plasmid, the P1 plasmid, the chromosome, and the minichromosome [13] have artiocyclic replication patterns and the plasmid pBR322 (replicating randomly throughout the division cycle) exhibits latiocyclic replication.
